Abstract. Halogen-free flame retarded expanded polystyrene (EPS) foams were prepared in this work. The effect of two kinds of aluminum phosphinates, i.e. diethyl aluminum phosphinate (DEAP) and diisobutyl aluminum phosphinate (DIAP), and their combination with expandable graphite (EG) on mechanical, flame retardant and thermal properties of EPS foams was studied. The results show that the use of DEAP or DIAP along with EG can greatly improve the flexural strength compared with same content of EG, whereas the LOI value slightly decreases. Moreover, thermal stability of EPS and flame retardant EPS foams was investigated.
Introduction:
Expanded polystyrene (EPS) foams are widely used in construction, packaging and other industries for their low cost, good thermal insulation and excellent mechanical properties [1] . However, fires are usually caused by the ignition of EPS foams leading to many deaths of people and heavy loss of properties. Nowadays, EPS foams are generally flame retarded by using halogen-containing compounds which will produce a lot of smoke and toxic gases in fires, therefore halogen-free flame retardation of EPS foams is urgently needed.
During the past decades, many different halogen-free flame retardants have been studied in EPS foams [2] [3] [4] . Among them, expandable graphite (EG) is one of the most effective compounds for EPS foams. It is well known that the shortcoming of EG is of large particle size, which usually deteriorates mechanical properties of the foams. Aluminum phosphinates are an effective flame retardant for many polymers [5] [6] . In this work, we studied the effect of two kinds of aluminum phosphinates, i.e. diethyl aluminum phosphinate (DEAP) and diisobutyl aluminum phosphinate (DIAP), and their combination with EG on mechanical, flame retardant and thermal properties of EPS foams.
Experimental

Materials
Phosphoric acid, p-toluenesulfonic acid, n-pentane and glycerol were all purchased from Sinopharm Chemical Reagent Co. (Shanghai, China). Resol-type phenolic resin was supplied by Shandong Shengquan Chemical Co., Ltd. (Shandong, China). Expandable graphite (150µm) was provided from Tianhe graphite co., LTD (Shandong, China). Diethyl aluminum phosphinate (DEAP) and diisobutyl aluminum phosphinate (DIAP) were supplied by Jacques Jiangsu Science and Technology co., LTD (Wuxi, China).
Preparation of Flame Retardant EPS foam
25g pre-foamed EPS beads (pre-forming process: 100ºC vapour for 2 min; aging time: 24h) were mixed at high speeds with a prepared flame retardant adhesive (a mixture of 25g phenolic resin, 2.5g curing agent and a certain amount of flame retardants) until the halogen-free flame retardant adhesive evenly coated on the surface of EPS beads. Then the treated EPS beads were put into the mould and moulded at 100 ºC steam environment for 25 min. After the mould cooled to room temperature, the halogen free flame retarded EPS foams were prepared. The detailed formulations of these foams were summarized in Table 1 . 
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Measurements
Mechanical properties were tested by a universal testing machine. Flame retardant property (LOI) was carried out by oxygen index meter. Thermal gravimetric analysis (TGA) was carried out was examined by using a STD Q600 (simultaneous differential scanning calorimetry-TGA) thermo-analyzer instrument (TA Co., New Castle, DE, USA) at a heating rate of 20ºC/min under nitrogen flow. Figure 1 presents the LOI values of EPS and flame retarded EPS foams. The LOI value of pure EPS foam is 18% indicating that it is very flammable. If the EPS beads are coated by only phenolic resin, the LOI increases to 25.5%. When the beads are coated by a mixture of phenolic resin and a flame retardant i.e. EG, DEAP and DIAP, respectively, the LOI value of the foams increases further. The LOI value of the foams in the presence of EG, DEAP and DIAP is 32.5%, 29% and 27%, respectively.
Results and discussion
If EG is combined with DEAP (or DIAP) at different ratios of EG to DEAP (or DIAP), the LOI value decreases gradually with the content of DEAP (or DIAP) in EPS foams increases, which is shown in Figure 1 Thermal gravimetric analysis (TGA) results are shown in Figure 3 . We can see from Figure 3 that pure EPS begins to decompose at about 100ºC and experiences a fast decomposition process from 300ºC to 400ºC. There is almost no residue at 800ºC for pure EPS foam. Compared with pure EPS foam, the foam treated by phenolic resin (the foam EPR) decomposes earlier, and left around 23% residue at 800ºC. The initial thermal decomposition of the foam treated by phenolic resin and EG (the foam EEG) is quite similar. The weight loss of the foam EEG at temperature range 200ºC to 400ºC is much less than that of the foam EPR, and the residue at 800ºC of the foam EEG is also higher than the one of the foam EPR. The weight loss of the foam treated by a mixture of phenolic resin, EG and aluminum phosphinate (the foams EGDE3 and EGDI3) is lower than that of the foam EEG at whole decomposition temperature range, indicating a better thermal stability of the foams EGDE3 and EGDI3 than the foam EEG. 
Conclusion
Two kinds of aluminum phosphinates, DEAP and DIAP, combined with EG were introduced into EPS foams, and the effect of ratios of aluminum phosphinates to EG on foam properties was investigated. The LOI of the flame retarded EPS foams decreases slightly when the EG is partly substituted by DEAP or DIAP, whereas the flexural strength increases greatly. TGA results prove that the thermal stability of the foams EGDE3 and EGDI3 is higher than the one of the foam EEG.
